Tomato spotted wilt virus (TSWV) is the type member of tospoviruses (genus Tospovirus), plant-infecting viruses that cause severe damage to ornamental and vegetable crops. Tospoviruses are transmitted by thrips in the circulative propagative mode. We generated a collection of NSs-defective TSWV isolates and showed that TSWV coding for truncated NSs protein could not be transmitted by Frankliniella occidentalis. Quantitative reverse transcription (RT)-PCR and immunostaining of individual insects detected the mutant virus in second-instar larvae and adult insects, demonstrating that insects could acquire and accumulate the NSs-defective virus. Nevertheless, adults carried a significantly lower viral load, resulting in the absence of transmission. Genome sequencing and analyses of reassortant isolates showed genetic evidence of the association between the loss of competence in transmission and the mutation in the NSs coding sequence. Our findings offer new insight into the TSWV-thrips interaction and Tospovirus pathogenesis and highlight, for the first time in the Bunyaviridae family, a major role for the S segment, and specifically for the NSs protein, in virulence and efficient infection in insect vector individuals.
T omato spotted wilt virus (TSWV) is the type species of Tospovirus, the only plant-infecting genus in the family Bunyaviridae (1) . Currently, TSWV ranks among the top 10 most economically important plant viruses worldwide (2) . Distribution of TSWV extends globally, and susceptibility to TSWV infection is seen in as many as 1,000 plant species in different agricultural settings (3, 4) .
Virus particles are quasispherical in shape, from 80 to 120 nm in diameter, and are surrounded by an envelope of host-derived lipids in which two glycoproteins, Gn and Gc, are embedded. They contain a tripartite negative/ambisense RNA genome composed of three single-stranded RNA molecules, designated long (L), medium (M), and small (S) RNAs, packaged by the nucleocapsid protein (N) and a low number of viral RNA-dependent RNA polymerases (RdRp) (3, 4) . Two nonstructural proteins, NSm and NSs, are encoded in the viral sense by the M and S segments, respectively; NSm is the movement protein (5) , and NSs was shown to suppress gene silencing in plant hosts (6, 7) .
Tospoviruses are transmitted by insects belonging to the order Thysanoptera (8) . The tospovirus-thrips relationship has a peculiar characteristic: tospoviruses are phylogenetically associated with insect-infecting viruses, and it has been hypothesized that during evolution, they adapted to the plant kingdom and became plant pathogens (1) . This evolutionary pathway belongs to only two other genera in plant-infecting viruses (Rhabdovirus and Reovirus), while other insect-transmitted plant viruses do not replicate in the vector body and are not phylogenetically related to insect-infecting viruses (9) . The western flower thrips, Frankliniella occidentalis (Pergande), is the most efficient vector of TSWV. Its extremely wide host range, broad geographical distribution, short reproductive cycle, and high fecundity have contributed to the success of this insect pest as an invasive species; since its introduction in Europe, TSWV has become one of the limiting factors in the production of several vegetable crops (4) .
The virus is transmitted in a propagative and persistent manner by F. occidentalis (8) . Acquisition by thrips that can result in final transmission is restricted to the first and early second larval stages, and acquisition efficiency decreases as development proceeds (8) . Once virions are acquired from infected plants by larval thrips, the virus enters and replicates in the midgut epithelial cells, moves to the muscle cells of the gut, and eventually reaches and replicates in the salivary glands. Adults (and partly second-instar larvae) can transmit the virus by the injection of viruliferous saliva into plant tissues (8) .
The M genomic segment has been previously associated with the efficiency of transmission by F. occidentalis. Several reports focused on the role of M-encoded glycoproteins embedded in the viral envelope as the first site of interaction between viral particles and thrips. Data were published supporting the model of receptor-mediated endocytosis for TSWV entry, showing interaction of Gn and Gc glycoproteins with 50-kDa (10, 11) and 96-kDa (12) thrips proteins, respectively, probably coordinating the entry process and circulation through the vector. Furthermore, binding of a Gn-soluble form to the thrips midgut inhibited transmission by F. occidentalis (13) . The importance of the viral envelope and glycoproteins for interaction with the vector was also supported by further experimental evidence: (i) TSWV nucleocapsid preparations could not infect primary thrips cell cultures, whereas the same preparations could systemically infect mechanically inoculated plants, and (ii) thrips could not transmit an envelope-defective isolate (14) . Previous authors (15) used reassortant analysis and sequencing to link and map for the first time specific mutations in the Gn/Gc open reading frame (ORF) to the loss of thrips transmissibility without inhibition of enveloped virion assembly. A TSWV-M nontransmissible isolate expressing a smaller amount of Gn protein was also reported, but sequence analysis was not conclusive for identification of the determinant of loss of transmission (16) .
Besides acquisition, the rate of virus replication (17) , migration from the midgut to visceral muscle cells and salivary glands (18, 19) , and TSWV titer (20) have been reported as crucial factors for vector competence and transmission. In this respect, defective interfering L RNA has also been associated with a lack of transmission, due to the low number of infectious units available in the inoculum (14) .
The scope of this work was the demonstration of the role of the NSs protein encoded by the S segment in thrips transmission. Given the absence of a reverse-genetic system for TSWV, we generated a collection of NSs-defective isolates from well-characterized and transmissible wild-type (WT) isolates. By using several approaches (i.e., leaf disc assays, quantification of virus titer, and confocal laser scanning microscopy), we showed that larvae were able to acquire and accumulate the NSs-defective isolate, but after pupation, adults carried a very limited amount of virus, resulting in the absence of transmission. Sequence analysis and generation of reassortant isolates allowed us to provide strong genetic evidence for the active role of NSs in maintaining efficient tissue colonization in the thrips vector, allowing transmission. Our results show for the first time that the S genomic segment carries a viral genetic determinant for transmission in the tospovirusthrips interaction, and specifically, unprecedented in the Bunyaviridae family, that the NSs protein is necessary for efficient virus accumulation and transmission by insect vector individuals.
MATERIALS AND METHODS
Parental TSWV isolates. Two well-characterized TSWV WT field isolates, p105 and p202/3WT, present in the Plant Virus Italy (PLAVIT) collection at our institute, were used as parents for generating NSs-truncated isolates. Preliminary to our work, we passaged such parental isolates three consecutive times through single-lesion mechanical inoculation on Nicotiana tabacum L. cv. White Burley. The isolates were then tested for positive thrips transmission and stored in liquid nitrogen until use. The ability to encode a WT NSs was determined by sequence analysis and Western blotting according to previous protocols (21) .
Generation of NSs-defective isolates. We forced the occurrence of NSs-defective mutant isolates from the two WT parental isolates by single-passage mechanical inoculation on Capsicum chinensis Jacq PI152225 carrying the Tsw gene, under greenhouse conditions, exploiting the ability of TSWV to overcome the Tsw resistance gene through mutations in the NSs-coding region under selective pressure (21) . Among the resistancebreaking (RB) isolates obtained, we selected those with a recovery phenotype, as an indication of a loss of function of the silencing suppressor NSs (21) . Such isolates were serially inoculated by three passages of single local lesions on N. tabacum cv. White Burley and then multiplied on Nicotiana benthamiana Domin and Datura stramonium L. in order to carry out quantification experiments and leaf disc assays with a population of F. occidentalis competent for transmission. In parallel, the parental WT isolates were also passaged mechanically three times to ensure the same number of mechanical inoculations for both groups of isolates. Molecular characterization of the NSs protein, Western blot analysis for its detection, and in vivo silencing suppression assays were performed exactly as previously detailed (21) .
Virus quantification in plant hosts. Double antibody sandwich-enzyme linked immunosorbent assay (DAS-ELISA) was performed as previously described for TSWV using the antinucleocapsid antibody A421VI (22) , except that the samples were diluted 1/20 in order to be in a range where absorption values were linearly correlated to virus titer in the infected plants. At least five plants for each isolate were used in each experiment. In order to ensure equal amounts of inoculum for the WT and NSs-truncated isolates, we took into account the results of preliminary experiments to test viral titer in N. benthamiana for each strain and used that information to standardize the viral titer in the inocula in subsequent experiments. Two independent experiments were performed for each isolate pair. A five-point standard curve prepared from sap of a pool of p105-infected leaves (undiluted and 80%, 60%, 40%, and 20% dilutions in sap from healthy plants) was used for calculation of relative quantities from absorbance values. Significant differences between the relative quantities of the two isolates were determined by analysis of variance (ANOVA) and Tukey test (P Յ 0.05) using SigmaStat analysis software v. 3.5.
Transmission experiments with leaf disc assays. Northwestern Italian populations of F. occidentalis were reared on pollen and green bean pods, as food source and oviposition sites, in gauze-covered glass jars, with corrugated cardboard on the bottom to provide pupation sites. Mass rearing was conducted in growth chambers at 25 Ϯ 1°C and 65% Ϯ 5% rH, with a 16:8 light-dark photoperiod (17, 23) . Systemically infected N. benthamiana leaves were carefully washed to minimize the glandular hair effect on thrips and were used for acquisition. Cohorts of F. occidentalis larvae not more than 2 to 3 h old were placed in a Plexiglas Tashiro cage and left to feed on the infected leaves for 72 h. The larvae were then transferred to other cages on green bean pods to complete their development. Adults were individually tested for virus transmission in plastic tubes (1.5 ml) using a 12-mm-diameter disc of D. stramonium leaves with two inoculation access periods (IAPs) of 48 h each. After 72 h of floating on water in 24-well plates, the leaf discs were analyzed by DAS-ELISA as previously described in detail (22) .
Quantification of virus titer in second-instar larvae and adult thrips. Systemically infected leaves from N. benthamiana plants mock inoculated or inoculated with WT and NSs-defective isolates were used for acquisition (72 h). Larvae were then maintained on healthy plants for 24 h; cohorts of 8 to 10 individuals were collected and processed for quantitative reverse transcription (qRT)-PCR virus RNA quantification, or alternatively, left to complete development until the adult stage. Adults alive after the two IAPs were also processed in cohorts of 8 to 10 individuals for qRT-PCR. Total RNA was prepared using TRIzol reagent (Invitrogen). Nine hundred microliters of TRIzol reagent was added in plastic tubes (1.5 ml) containing the insects and 1/3 volume of 0.5-mm-diameter silica beads (BioSpec Products) and frozen in liquid nitrogen. The content was ground using a bead beater homogenizer (FastPrep-24 instrument; MP Biomedicals), taking care not to overheat the sample, and incubated at 25°C for 5 min. After addition of 100 l of chloroform, tubes were vortexed for 5 s, incubated at 25°C for 3 min, and centrifuged at 12,000 ϫ g for 15 min in a microcentrifuge (Eppendorf). The supernatant (400 l) was transferred into a new tube and extracted again using 400 l of chloroform as described above. The supernatant was transferred into a new tube along with 500 l of 99% isopropanol, 1 l of 1-mg ml Ϫ1 glycogen, and 5 l of 3 M sodium acetate, pH 5.2, and incubated on ice for 10 min. After centrifugation at 12,000 ϫ g for 15 min, the pellet was washed with 900 l of 70% ethanol and centrifuged at 12,000 ϫ g for 1 min; after removal of the ethanol, the pellet was centrifuged at 12,000 ϫ g for 1 min, dried in a vacuum chamber, resuspended in 20 l of water, and centrifuged at 12,000 ϫ g for 5 s. First-strand cDNA was synthesized with 10 l of total RNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems); qRT-PCR was performed using TaqMan gene expression master mix (Applied Biosystems), following the protocol and amplification conditions suggested by the manufacturer with the StepOne Plus realtime PCR system (Applied Biosystems), using published primers (24) . The thrips actin gene (24) was used for normalization and ⌬⌬C T calculation as defined in the Step One software v. 2.0 manual (Applied Biosystems). Significant differences between relative quantities of the two isolates in insects were determined by ANOVA (P Յ 0.05) using SigmaStat analysis software v. 3.5.
Confocal microscope observation of immunofluorescent insect sections. Thrips from cohorts from the same experiments as used for virus titer quantification and transmission were processed for immunofluorescent analyses. Larvae and adults were fixed overnight at 4°C in 4% paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4). After washing with PBS, they were embedded in 8% (wt/vol) low-melting-point agarose.
Longitudinal sections, 100 m thick, were obtained with a vibrating-blade microtome (Leica VT1000S). Sections were blocked at room temperature for 30 min with 1% bovine serum albumin (BSA) in PBS and incubated overnight at 4°C with the primary antibody. The primary antibody was a polyclonal antinucleocapsid antibody (A421VI) from the Istituto di Virologia Vegetale (IVV) collection. The sections were then washed three times with PBS, blocked at room temperature for 30 min with 1% BSA in PBS, and then incubated for 2 h with fluorescein isothiocyanate-conjugated goat anti-rabbit IgG antibody (Sigma). Sections not treated with primary antibody or secondary antibody served as negative controls (data not shown). Sections were examined with a Leica TCS SP2 confocal microscope. Laser intensity and detector gain were first set on uninfected samples, and then the same settings were kept for all subsequent observations.
Reassortment experiments and sequence analysis of genome segments. Reassortment experiments were carried out as previously described (21), using isolate p202/3RB together with a phylogenetically distant but thrips-transmissible Brazilian isolate available in our collection (BR20). During the selection for putative reassortant isolates, we used the recovery phenotype on C. chinensis Jacq PI152225 as a marker for the presence of an S segment originating from p202/3RB, whereas molecular characterization of the M and L segments was carried out as previously described (21), except that the PCR fragments were directly sequenced instead of using restriction fragment length polymorphism (RFLP) markers. The S segment was sequenced using previously described primers and RT-PCR conditions (21) . The oligonucleotides used for RT-PCR amplification and sequencing of the M segment are available upon request.
Electron microscopy. Systemically infected leaves of N. benthamiana were crushed and homogenized in 0.1 M phosphate buffer, pH 7.0, containing 2% polyvinylpyrrolidone (PVP). A drop of the crude extract was allowed to adsorb for about 3 min on carbon-and Formvar-coated grids and then rinsed several times with water. Grids were negatively stained with 0.5% uranyl acetate, and excess fluid was removed with filter paper. Observations and photographs were made using a CM 10 electron microscope (Philips).
Detection of glycoproteins. A triple antibody sandwich (TAS) ELISA was performed as previously described (25) for the detection of glycoproteins and nucleocapsids as an internal reference. Plates were coated with a mixture of polyclonal antisera against TSWV virions from the IVV collection (A292, A293, and A421), and after overnight incubation with samples, monoclonal antibody specific for N protein (4F2; DSMZ AS0106) or Gn protein (APO-2B3/2D11; IVV collection) was used. The tertiary antibody was an alkaline phosphatase-conjugated rabbit anti-mouse (Sigma). Systemically infected leaves of N. benthamiana were diluted 1:100 (wt/vol) in ELISA sample buffer. The experiment was repeated twice.
Nucleotide sequence accession numbers. Sequences determined in this study were deposited in the GenBank database and are described in Table SA1 in the supplemental material. Accession numbers are as follows: HQ830185 to HQ830188, HQ839729 to HQ839731, and HQ914636 to HQ914647.
RESULTS

Generation of a library of putative NSs-defective TSWV isolates.
The lack of a reverse-genetic system dependent on a cDNA infectious clone for tospoviruses has limited the functional study of virus-encoded proteins to mutants naturally occurring in nature or artificially generated in a controlled environment through successive mechanical inoculations. No mutant defective in functional NSs accumulation was described in more than 30 years of tospovirus molecular studies. We and, more recently, other authors have demonstrated that mutations in a functional NSs protein are responsible for overcoming the resistance provided by the Tsw gene in pepper (21, 26) . Among the RB isolates we described, a subset was characterized by deletions in the NSs coding region that caused a frameshift and expression of truncated proteins. Such isolates were able to systemically infect resistant C. chinensis PI152225 and D. stramonium immediately after inoculation but could not maintain infection in newly emerging leaves, resulting in recovery (21) .
Based on these results, in this new work we forced the occurrence of NSs-defective isolates from well-characterized WT and thrips-transmissible isolates through single-passage mechanical inoculation on resistant pepper and by screening for the systemic infection turning into recovery phenotype. This approach allowed direct comparison of WT and derived NSs-defective isolates by sequence analysis and thrips transmission assays. We used as parental strains two different well-characterized WT isolates, p105 and p202/3WT, whose competence for efficient thrips transmission was determined (Table 1) . We derived the RB recovery isolates p105RBMar, p105RBMaxI, and p105-803RB from isolate p105 and isolate p202/3RB from isolate p202/3WT ( Table 1 ). The p105RBMar, p105RBMaxI, p105-803RB, and p202/3RB isolates could be mechanically transmitted to a set of common TSWV host plant species and caused systemic infection. However, symptoms on C. chinensis PI152225 and D. stramonium became milder after an initial severe systemic infection, and in newly emerging leaves symptoms recovered (Fig. 1A to E) and the virus was absent, as shown by Western blotting of systemically infected and recovered tissue (Fig. 1F) .
In N. benthamiana, symptoms of the various NSs-defective isolates varied in intensity: isolate p202/3RB displayed more severe symptoms than did p202/3WT, resulting in lethal necrosis 10 days after inoculation (Fig. 2A) ; isolates p105RBMar and p105RBMaxI had milder symptoms than did p105 but maintained constant symptom expression throughout infection, without recovery ( Fig.  2B and D) ; and isolate p105-803RB had lower infection ability (judged as success of mechanical inoculation) and showed a very delayed time course of infection, with final recovery (Fig. 2C) . During the mechanical inoculation passages of p105RBMaxI (see Materials and Methods), we observed a sudden increase in symptom severity in a single N. benthamiana plant and loss of the recovery phenotype after a subsequent inoculation on D. stramonium (Fig. 2D) ; this phenotypic revertant WT isolate was designated p105WTMaxII.
The resistance-breaking/recovery TSWV isolates code for defective NSs protein. Sequencing of NSs coding sequences of the five RB TSWV isolates revealed, in two cases, p202/3RB and p105RBMar, a single nucleotide deletion: a G at position 1371 for isolate p202/3RB and a T at position 1363 for isolate p105RBMar ( Fig. 3A and B) , which resulted in a frameshift coding for a truncated protein of 443 amino acids (aa) (Fig. 3C and D) . Isolate p105-803RB showed two single nucleotide deletions (Fig. 3B) at positions 1232 and 1382 that resulted in frameshifts and a truncated protein of 382 aa (Fig. 3D ). In the case of p105RBMaxI, a G-to-T mutation at position 1058 (Fig. 3B ) resulted in an early stop codon in the reading frame and hence a truncated protein of 323 aa (Fig. 3D) . The TSWV isolate p105WTMaxII showed a further mutation at the same site from a T to a C (Fig. 3B) , which changed the stop codon into a glutamine residue, giving rise to a new full-length NSs allele (Fig. 3D ) different from the original p105 NSs allele. We performed Western blot analysis on plant extracts infected with three defective isolates selected for further in-depth analysis; a truncated NSs protein was clearly detected for isolate p202/3RB (Fig. 3E) , while no NSs-specific band could be detected for either p105RBMar or p105-803RB, confirming that the NSs protein was altered or not present in these isolates. We also tested silencing suppression ability with a standard in vivo assay; the new defective NSs alleles derived in this study failed to function as silencing suppressors in planta (Fig. 4 and data not shown).
Virus titer of NSs-defective isolates in N. benthamiana and D. stramonium plants. Virus titer in the plant could potentially strongly influence efficiency of acquisition from the insect vector (27, 28) . Given the wide variety of symptom severities displayed by our library of NSs-defective mutants, often associated with differential quantitative viral accumulation, we quantified the virus titer in N. benthamiana and D. stramonium, in order to select the best plant host as a source of inoculum. In fact, the lack of an active silencing suppressor can result in lower viral accumulation (as suggested by the recovery phenotype observed in D. stramonium plants), possibly to the point of limiting acquisition by the vector. Therefore, for all the NSs-defective isolates used in successive quantification experiments in thrips, we proceeded to quantify the virus in leaves randomly sampled from hosts before being used for acquisition experiments. In the case of p105RBMar, D. stramonium leaves contained an amount of virus that was statistically significantly lower than that of the WT, whereas no significant differences were observed in N. benthamiana (P ϭ 0.17 and P ϭ 0.73 for the two experimental replicates) (Fig. 5A) . A similar profile was observed for p105-803RB, which displayed significant changes in abundance in D. stramonium but not in N. benthamiana (P ϭ 0.18 and P ϭ 0.90 for the two replicates) (Fig. 5B) . In contrast, a significant difference in titer in both plant hosts was observed for the p202/3WT and p202/3RB isolates, with higher abundance of the former (Fig. 5C) ; this was in contrast with symp- tom severity on N. benthamiana, which was stronger for the latter isolate ( Fig. 2A) . Considering these results, N. benthamiana was used as the acquisition host in all further experiments with thrips. NSs-defective TSWV isolates are not transmitted by F. occidentalis. A preliminary leaf disc experiment examining transmission by thrips was carried out using the NSs-defective isolate p202 that we characterized in previous work (21) . This isolate was not transmitted by a population of F. occidentalis, which in contrast efficiently transmitted p105, a closely related WT isolate from Italy (Table 1 , experiment I). For p202, we had no record of the WT isolate from which it was derived directly, and therefore, further comparative analysis was impaired. Instead, in this work, we could perform thrips transmission experiments for each of the newly obtained NSs-defective isolates in direct comparison with their WT parental isolates. We observed that F. occidentalis individuals completely failed to transmit p202/3RB, p105RBMar, p105RBMaxI, and p105-803RB, while they were able to transmit the two WT parental isolates, with efficiencies of 49% for p202/ 3WT and 46% for p105 (Table 1 , experiments I to V). In the case of the revertant isolate p105WTMaxII, derived from p105RBMaxI through the serendipitous selection of an isolate from a single severely infected plant and coding for a full-length NSs, the transmission efficiency was restored to 43% (Table 1, experiment III) . Overall, these data showed that none of the NSs-defective isolates could be transmitted by a competent population of F. occidentalis.
The NSs-defective isolates (p105RBMar and p202/3RB) can be acquired and accumulate in second-instar larvae, but their titer diminishes in adult thrips. Leaf disc assays clearly showed that NSs-defective isolates could not be transmitted by the thrips vector. We then investigated if the loss of transmission corresponded to the loss of acquisition by larvae, as previously shown for glycoprotein and envelope-deficient mutants (14, 15) . For this purpose, we set up experiments for TSWV quantification by realtime PCR in second-instar larvae using isolates p105RBMar, p202/3RB, and p105-803RB in comparison with the related WT isolate. For each isolate, we performed at least two distinct exper- The wild-type parental isolates p202/3WT and p105 induced only local necrotic lesions on C. chinensis (A and C); the same isolates infected systemically D. stramonium, displaying severe symptoms (A and C). Isolates p202/3RB, p105-803RB, and p105RBMar (B, D, and E) were able to infect systemically C. chinensis PI152225 and D. stramonium but could not maintain infection in newly emerging leaves. (F) Western blot analysis of total leaf extracts from systemically infected (Syst) and recovered (Rec) tissues. Detection was performed using a polyclonal rabbit immune serum against the nucleocapsid protein of TSWV. Below each Western blot panel, a Coomassie-stained gel is shown to display total protein loadings.
FIG 2 Tomato spotted wilt virus isolates carrying different truncations in the NSs protein display diverse symptom severity in Nicotiana benthamiana. (A to C)
Symptoms following mechanical inoculation of isolates p202/3RB (A), p105RBMar (B), and p105-803RB (C) in comparison with their parental isolates p202/3WT and p105. (D) Sudden increased severity of symptoms in N. benthamiana (top) and loss of the recovery phenotype on Datura stramonium (bottom) observed for the phenotypic revertant isolate p105WTMaxII, derived through serial mechanical inoculation passages of p105RBMaxI.
iments with replicates within each experiment. Thrips feeding on leaves from noninoculated plants were always included in each experiment as a negative control. In the case of the comparison between isolates p105RBMar and p105, both virus isolates could be detected in second-instar larvae cohorts, and the relative accumulations between the NSs-defective and the WT isolates were not significantly different (P ϭ 0.64 and P ϭ 0.57, for the two experimental replicates) (Fig. 6) . Regarding the comparison between p202/3RB and p202/3WT, we could detect both isolates in all second-instar larvae cohorts, with a significant difference in titer between the two variants (Fig. 6) , likely mimicking the significant differences observed in the acquisition host (Fig. 5C) . In both experiments, no virus could be detected in thrips feeding on healthy plants.
Given that transmission rate was shown to depend on virus titer in adult thrips (20) , we proceeded to evaluate virus accumulation in cohorts of adults from the same experiments as used for titer evaluation in larvae. In the case of p105RBMar, the accumulation shown in larvae (statistically not different from the corresponding WT isolate p105) was not confirmed in adult thrips, in which the NSs-defective isolate accumulated only minimally, with a significant difference (Fig. 6) . In adult thrips fed on p202/3RB-infected plants, virus accumulation was detected only occasionally, in 3 out of 8 cohorts in the first experiment and 4 out of 8 cohorts in the second experiment (Fig. 6) . Moreover, as shown by the different scales in the y axes among larvae and adults for p202/ 3WT, the relative accumulations were an order of magnitude higher for the adults than for second-instar larvae (Fig. 6) , indicating an erratic and much lower accumulation of the RB isolate in the adults. These results showed that the defective viruses could be acquired by the vector larvae and accumulated in them with a titer mimicking the titer in the acquisition host, but virus accumulation in adult thrips was minimal.
In the case of isolate p105-803RB, we could not detect virus accumulation either in second-instar larvae or in adults (Fig. 6 ). This unexpected result suggested the inability of the virus to be acquired. We therefore checked for possible mutations in the glycoprotein coding region that could directly affect acquisition. In fact, sequencing of the glycoprotein precursor encoded by the M segment revealed a single nucleotide mutation (T deletion) (Fig. 7A) , which resulted in a frameshift and a predicted truncated In isolate p105RBMar, a nucleotide deletion resulted in a frameshift and a truncated protein of 443 aa. A nucleotide mutation in isolate p105RBMaxI resulted in a stop codon, whereas a further mutation resulted in a full-length NSs in isolate p105WTMaxII with an E-to-Q substitution at position 324. Two single nucleotide deletions in p105-803RB caused a frameshift and a truncated protein of 382 aa. (E) Western blot analysis of total protein leaf extracts from Nicotiana benthamiana infected by different isolates, using antinucleocapsid and anti-NSs antibodies. protein of 152 aa. As confirmation, TAS-ELISA of leaf extracts from N. benthamiana symptomatic plants was negative for Gn glycoprotein for p105-803RB, while high absorbance was present for the control isolate p105; using the same extracts, a TAS-ELISA for detection of the nucleocapsid protein displayed a strong reaction for both isolates (Fig. 7B) . Furthermore, morphological analysis by transmission electron microscopy on crude sap obtained from systemically infected N. benthamiana leaves showed typical enveloped particles for the p105 isolate (Fig. 7C) , while only nucleocapsids could be observed for the p105-803RB isolate (Fig. 7D) .
Immunostaining of thrips sections confirmed that the nucleocapsid of NSs-defective isolates accumulates in tissues and organs of second-instar larvae but not in adults. In parallel with virus titer quantification experiments, a number of second-instar larvae and adult thrips from the same acquisition experiments were used for immunostaining of the nucleocapsid protein in thrips sections observed with a confocal laser scanning microscope. Isolates p105 and p202/3WT were detected along the alimentary canal of larvae and along the alimentary canal and visceral muscles of adults. Isolates p105RBMar and p202/3RB were clearly detected along the alimentary canal only in larvae; in contrast, fluorescence on adults was rare and very faint (Fig. 8) . These results confirmed that NSs-truncated isolates could be acquired and accumulate in second-instar larvae but not in adults. In the case of p105-803RB, we failed to detect specific fluorescence in both larvae and adults (not shown). Percentages of virus-positive thrips are given in Table 2 .
Formal genetic demonstration that the mutation in the NSs coding region is responsible for the lack of transmission in NSsdefective isolates. The results so far discussed were derived through an experimental approach that could not exclude the possibility of further mutations randomly occurring elsewhere in the genome causing the lack of transmission, as was the case with isolate p105-803RB. Nevertheless, two different experimental approaches allowed us to demonstrate that the mutation in the NSs region caused the transmissibility defect. In one case, a serendipitously derived revertant (p105WTMaxII) restored transmission ( Table 1 , experiment III). A second approach took advantage of derived reassortant isolates, in combination with sequence analyses of the whole M segment. In order to exclude a role for the L genomic segment as the determinant of transmission in our case, we generated reassortant isolates using as parental isolates p202/ 3RB together with a phylogenetically distant but thrips-transmissible Brazilian isolate available in our collection (BR20). We were able to identify and characterize two different reassortant isolates, named A and B, carrying the L segment of BR20 and the S and M segments of p202/3RB. These reassortants were not competent for transmission (Table 1 , experiment VI), showing that the p202/ 3RB L segment did not carry the genetic determinant for the loss of transmission competence.
We then fully sequenced the M and S genomic segments of the original p202/3WT isolate and p202/3RB. Sequence comparison showed 100% identity for the M segment (GenBank accession numbers HQ830188 and HQ830185), thus excluding mutations in the movement protein, glycoprotein precursor, and noncoding regions. The S segment differed only in the G nucleotide deletion in the NSs coding sequence, described above (GenBank accession numbers HQ830187 and HQ830186). Overall, the combination of reassortant analysis and the full-length sequences of the S and M segments allowed us to specifically associate the loss of transmission competence in leaf disc assays with the mutations impeding accumulation of full-length NSs in infected thrips.
DISCUSSION
In this work, we have identified genetically a new molecular determinant for transmission of TSWV by thrips: the NSs protein encoded by the S genomic segment is dispensable for acquisition by larvae but is necessary for abundant accumulation in adults, resulting in transmission. This is a new paradigm in the tospovirus-thrips interaction; in fact, all the previous work indicated virus-encoded glycoproteins as necessary for virus acquisition, whereas in this study, we identified a virus determinant necessary for abundant accumulation in the thrips once the virus is acquired. The NSs gene of tospovirus-related animal viruses, including phleboviruses and orthobunyaviruses, was previously reported to be critical for virulence, but all studies were carried out on model cell lines (29, 30, 31, 32, 33, 34) . No investigation for the S segment has been carried out on individual insect vectors. In previous literature, the M segment of La Crosse and snowshoe hare bunyavirus was shown to cosegregate with the transmission phenotype to laboratory mice by natural mosquito vectors (35, 36) . In this context, our work shows, for the first time in the Bunyaviridae family, an essential role for the NSs protein in virulence (inferred in this work from virus titer) in insects in vivo.
Given the absence of a reverse-genetic system for TSWV (as well as for the entire Tospovirus genus), mutant analysis, reassortment experiments, and comparison of genomic sequences are the only available tools to associate mutations with specific phenotypes. With these approaches, a groundbreaking work associated specific mutations in the Gn-Gc ORF with the loss of acquisition and therefore transmissibility by thrips (15) . Mimicking this experimental approach, we generated a library of NSs-defective isolates derived from well-characterized WT isolates under greenhouse conditions, and with a combination of sequencing and reassortment analysis, we were able to genetically link defects in NSs production to the loss of transmission. Pivotal to this study was previous work in which we observed the phenotype of a subset of RB isolates from a collection generated through mechanical inoculation: isolates displaying a recovery phenotype after the initial systemic infection on resistant pepper carried deletions in the NSs coding region that made it nonfunctional (21) . In this new study, we derived five RB isolates showing recovery on C. chinensis PI152225 and D. stramonium from two well-characterized transmissible isolates; these mutants allowed direct comparison by sequence analysis and for competence of thrips transmissibility, giving us the unique opportunity to monitor the role of the NSs protein in thrips infection and transmission. All NSs nucleotide changes observed in our RB isolates were different from those observed in the NSs-defective isolates previously reported (21) . These results further confirm that several different mutations evenly distributed in the NSs coding region are related to the RB phenotype (21, 26) .
Effects of deletion in the NSs coding region on symptoms and virus titers in different plant hosts. Our collection of isolates allowed us to monitor the effect of NSs deletions on symptom development in different hosts. For pepper and datura, we had already described a recovery phenotype for NSs-defective isolates (21) , but in this study we characterized, for the first time, such
FIG 5 Quantification of virus titer in Nicotiana benthamiana
and Datura stramonium suggests the former as a better acquisition host in transmission experiments with thrips. Plants were mechanically inoculated with isolates p105 and p105RBMar (A), p105 and p105-803RB (B), and p202/3WT and p202/3RB (C). Systemically infected leaves displaying severe symptoms were sampled 7 days postinoculation and used for acquisition (72 h). Double antibody sandwich-enzyme linked immunosorbent assay was performed using the antinucleocapsid antibody A421VI. A five-point standard curve prepared from sap of a pool of p105-infected leaves from the same plants (undiluted and 80%, 60%, 40%, and 20% dilutions with sap from healthy plants) was used for relative virus titer determination based on absorbance values. Statistical analysis was performed by ANOVA using SigmaStat analysis software v. 3.5. An asterisk indicates that differences are statistically significant (P Ͻ 0.05).
recovery as virus clearance, since in symptomless newly emerging tissue, the virus could not be detected (Fig. 1) . In the literature, recovery from symptoms can be associated with different viral expression levels in different virus-host interactions (37, 38, 39) . It is interesting that virus clearance occurred only in datura and pepper and not in N. benthamiana, in which symptoms could be stronger or milder than with the original WT, according to the specific isolate. In case of the p202/3RB isolate, we observed much stronger symptoms on N. benthamiana (Fig. 2 ) and higher accumulation of the NSs protein than for the WT isolate (Fig. 3) . In spite of the strain's high virulence, the titer of the p202/3RB isolate (judged as nucleocapsid accumulation) was three times lower in N. benthamiana, showing that a lower virus concentration does not necessarily correlate with lower symptom severity, which could be instead a specific effect of abundant accumulation of the truncated version of the NSs protein.
Previous results showed a correlation between the amount of NSs protein and the severity of disease symptoms, with severe TSWV isolates expressing a larger amount of the NSs protein (40) , suggesting a role for the NSs protein in pathogenesis. The function of the NSs protein in TSWV pathogenesis needs further understanding. It is known that NSs can aggregate as fibrous structures in the plant cell cytoplasm (40) , and it functions as a suppressor of posttranscriptional gene silencing (PTGS) (6, 7) , likely by sequestering long double-stranded RNA (dsRNA) and small interfering RNA (siRNA) molecules before they are uploaded into the RNAinduced silencing complex (41) . The analysis of several NSs constructs showed the importance of a few amino acids in the N-terminal domain for both of these activities (26) . In all the isolates we monitored, a functional NSs was important for abundant virus titer in D. stramonium. Such a strict requirement could come from its role as a silencing suppressor, which is important in hosts in which such defense is very active (datura and pepper in our experimental system) but is less relevant in N. benthamiana, in which silencing defense is somewhat impaired (42, 43) . Such a difference was recently pointed out in comparison of siRNA profiles of TSWV-infected N. benthamiana and tomato plants: small RNAs (21 to 22 nucleotides) were much less abundant in the former host (44) . This characteristic is also likely correlated to the finding of the revertant strain p105WTMaxII derived from p105RBMaxI in N. benthamiana and not in the other plant hosts (D. stramonium or C. chinensis) in which replication and accumulation are
FIG 6
NSs-defective isolates can be acquired and accumulate in second-instar larvae, but virus titer is lower in adult thrips. We compared virus relative abundances in cohorts of 8 to 10 individual larvae or adults of p105 and p105RBMar, p202/3WT and p202/3RB, and p105 and p105-803RB. H corresponds to thrips feeding on healthy leaves. For each comparison, we show the results of two independent experiments. Relative quantification of TSWV isolates in second-instar larvae and adults of Frankliniella occidentalis was performed by real-time TaqMan qPCR, using the thrips actin gene for normalization and ⌬⌬C T calculation using Step One software v. 2.0 (Applied Biosystems). RQ, relative quantity. A random sample was used as a reference (RQ ϭ 1) in each experiment. Significant differences between the relative quantities of the two isolates were determined by ANOVA (P Յ 0.05) using SigmaStat analysis software v. 3.5. An asterisk indicates that differences are statistically significant. In case of p202/3RB and WT experiments, the RQ scales are different for each of the two isolates: the left scale refers to p202/3RB, whereas the right scale refers to p202/3WT. strongly impaired by the effective silencing defense, making the occurrence of a revertant less likely. Similarly, in the insects, replication and accumulation were generally low for NSs-defective isolates and limited in time, likely impairing the chances of occurrence of revertants in the insects.
In this work, we have also for the first time serendipitously generated a virus isolate that is deficient in two virus-encoded proteins. Isolate p105-803RB was originally selected because of its recovery phenotype and confirmed to carry a deletion in the NSs protein, but the difficulties in maintaining a high number of infected plants and its total inability to be acquired by thrips suggested the possible occurrence of further mutations in the genome, specifically in the region coding for determinants of acquisition, such as glycoproteins. In fact, with different approaches we showed that not only was the NSs coding region affected but also the glycoprotein precursor was not detected, and the isolate was without an envelope (Fig. 7D) . To our knowledge, this is the first time that a member of the Bunyaviridae family without both NSs and glycoproteins has been shown to be competent for infection in its primary host. 
Effects of deletion in the NSs coding region on virus titer in thrips.
A possible role for the NSs protein in thrips infection was hypothesized in previous works; in fact, NSs is known to be expressed in infected insects (45) and to accumulate abundantly in salivary gland tissues (17) . We set up leaf disc assays of transmission by F. occidentalis for all the isolates in the study and found an absence of transmission for all the NSs-defective isolates. Interestingly, the p105WTMaxII isolate, a revertant of isolate p105RBMaxI encoding a full-length NSs, was transmissible and displayed a functional and silencing active NSs, providing strong evidence of genetic control of transmissibility by NSs.
A closer look at the infection cycle in thrips by leaf disc assay showed that the three RB isolates had different behaviors: while two isolates could be acquired and accumulated in the young larvae, p105-803RB could not be acquired by thrips and accumulation was not observed in larvae or in adults. Such behavior also worked as a proof of concept for showing that mere feeding on virus-infected leaves by larvae followed by maintenance on healthy beans for 24 h, as in our experimental system, does not result in detection inside the thrips by qRT-PCR or immunostaining. Taking this into consideration, the detection of isolates p105RBMar and p202/3RB in thrips could only be attributed to an Table 2 ). White bars represent 50 m; black bars represent 100 m. Abbreviations: ab, abdomen; d, dorsum; he, head; mg, midgut; pr, pronotum; th, thorax; v, ventre; vm, visceral muscles. effective acquisition step by the thrips, implying that the lack of transmission observed for these isolates was not due to the lack of acquisition but to further impairment after this step.
qRT-PCR coupled with confocal microscope observations of thrips sections gave us further elements to hypothesize a possible mechanism for the lack of transmission of these isolates. Titer quantification and immunofluorescence of NSs-defective isolates p105RBMar and p202/3RB showed, in both cases, the accumulation of viruses in second-instar larvae, while very low accumulation was observed in adults, compared with their parental isolates. Specifically, in the case of p105RBMar the difference in accumulation titer was statistically significant only in adults and not in second-instar larvae. For isolate p202/3RB we observed a statistically significant difference from the WT isolate p202/3WT also in the larval stage. Nevertheless, as for p105RBMar, the accumulation in adults was much lower, and specifically a number of adult cohorts were even virus negative, showing also for this isolate pair that the requirement for NSs was more stringent in adults. A possible explanation for the behavior of p202/3RB could take into account a lower acquisition efficiency due to the lower titer in the plant host used for acquisition. Therefore, our data showed that the NSs protein was not important for a relatively abundant accumulation in thrips larvae but became essential for maintaining efficient accumulation of virus in adult thrips. Interestingly, such behavior mimics what happens in silencing-competent plant hosts such as C. chinensis PI152225 and D. stramonium, which can be systemically infected immediately after inoculation with NSsdefective isolates but show recovery and no virus accumulation in newly emerging tissues.
Our data do not provide a demonstration of the molecular role of NSs in thrips. Nevertheless, we can envision, among others, different scenarios: the putative mechanism governing infection efficiency could be related to the possible role of NSs as a silencing suppressor in thrips.
Until now, no direct proof of thrips mounting an RNA interference (RNAi) response against invading virus has been provided. However, a recent high-throughput analysis showed expression of components of the RNAi silencing machinery in F. occidentalis infected by TSWV (46) , and recent findings seem to support the function of NSs as a silencing suppressor in the insect vector. A recombinant Semliki Forest virus expressing the NSs of TSWV was able to suppress silencing in tick cells (47) . The NSs of TSWV also enhanced baculovirus replication in different lepidopteran cell lines (48) as well as in insects in vivo (R. Oliveira Resende, Universidade de Brasilia, personal communication). A role for the TSWV NSs protein in suppressing silencing in both plant and insect hosts is also supported by the ability of the homologous NS3 protein of Rice hoja blanca tenuivirus (a phylogenetically related virus) to bind to siRNA and microRNA (miRNA) in both hosts (49, 50) . Similarly, the NSs of La Crosse virus (LACV), a mosquito-transmitted member of the Bunyaviridae family, the Orthobunyavirus genus, has been demonstrated to markedly inhibit RNAi in mammalian cell cultures (51) .
In our work, we found that clones expressing the truncated forms of NSs failed to show suppression of gene silencing in planta. The C terminus of the protein seems to be important for this function, as even a deletion of 27 aa (p105MarRB) abolished the ability. Accordingly, a recent work based on the generation of different NSs constructs reported that deletion of the C-terminal domain rendered NSs completely dysfunctional as a silencing suppressor (26) . The lack of silencing suppression activity can be speculated also for the thrips vector, although a different NSs molecular mechanism cannot be ruled out. This topic presents an interesting research subject to understand the molecular mechanisms involved in this virus-vector interaction, given that TSWV activates the thrips vector immune system (52), and specific transcripts and proteins associated with antiviral defense in insects have been reported to be expressed in infected thrips (46, 53) . In this context, we cannot exclude for NSs a role different from silencing suppressor in evading a not-yet-defined antiviral defense system, such as Jak-STAT, Toll, immunodeficiency, and apoptosis signaling pathways (46) , or alternatively, a truly active role in pathogenesis that implies not antiviral defense but other vectorspecific steps, such as determining tissue tropism in the insect.
In conclusion, the combination of several approaches has allowed us to gain new valuable insights into TSWV pathogenesis. Understanding the molecular basis of tospovirus-thrips interaction will lead to the elucidation of the roles of specific viral proteins in the pathogenic process and will be crucial to improving our ability to control TSWV infections in the future. This work also highlights that tospoviruses and their thrips vectors represent an ideal system for studying processes of virus infection and host interaction that could be extended to other viruses of the Bunyaviridae family of importance to human and animal health. 
